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ABSTRACT 

Managers a r e  o f t e n  r e q u i r e d  t o  make key program dec is ions  based on 
t h e  performance o f  some elements o f  a l a r g e  system. Th is  paper i s  
i n t e n d e d  t o  a s s i s t  t h e  manager i n  t h i s  impor tan t  t a s k  i n  so f a r  as 
i t  r e l a t e s  t o  t h e  p roper  use o f  p r e c i s e  and accu ra te  c locks .  An 
i n t u i t i v e  approach w i l l  be used t o  show how a c l o c k ' s  s t a b i l i t y  i s  
measured, why i t  i s  measured t h e  way i t  i s ,  and why i t  i s  desc r ibed  
t h e  way i t  i s .  An i n t u i t i v e  e x p l a n a t i o n  o f  t h e  meaning o f  t i m e  
domain and f requency domain measures as w e l l  as why they  a re  used 
w i l l  a l s o  be g i ven .  

Exp lana t ions  o f  when an " A l l a n  va r iance"  p l o t  should be used and 
when i t  shou ld  n o t  be used w i l l  a l s o  be g i ven .  A more  e f f i c i e n t  way 
t o  measure c l o c k  f requency d r i f t  w i l l  be expla ined.  The r e l a t i o n s h i p  
o f  t h e  rms t i m e  e r r o r  o f  a c l o c k  t o  a o (T) diagram w i l l  a l s o  be 
g i ven .  The env i ronmenta l  s e n s i t i v i t i e s  yof a c l o c k  a re  o f t e n  t h e  
most i m p o r t a n t  e f f e c t s  de te rm in ing  i t s  performance. T y p i c a l  env i  ron-  
menta l  parameters o f  concern and nominal s e n s i t i v i t y  va lues f o r  
commonly used c l o c k s  w i  11 be rev iewed. ,  

Systemat ic  and Random D e v i a t i o n s  i n  Clocks 

T h i s  paper i s  t u t o r i a l  i n  n a t u r e  w i t h  a minimum o f  mathematics -- t h e  goal  b e i n g  
t o  c h a r a c t e r i z e  c l o c k  behav io r .  F i r s t ,  t i m e  d e v i a t i o n s  o r  f requency d e v i a t i o n s  i n  
c l o c k s  may be c a t e g o r i z e d  i n t o  two types:  systemat ic  d e v i a t i o n s  and random devia-  
t i o n s .  The sys temat i c  d e v i a t i o n s  come i n  a v a r i e t y  o f  forms. T y p i c a l  examples 
a r e  f requency sidebands, d i u r n a l  o r  annual v a r i a t i o n s  i n  a c l o c k ' s  behav io r ,  t i m e  
o f f s e t ,  f requency o f f s e t  and frequency d r i f t .  F i g u r e  1 i l l u s t r a t e s  some o f  these. 

I f  a c l o c k  has a f requency o f f s e t ,  t h e  t i m e  d e v i a t i o n s  w i l l  appear as a ramp func- 
t i o n .  On t h e  o t h e r  hand, if a c l o c k  has a f requency d r i f t ,  t hen  t h e  r e s u l t i n g  
t i m e  d e v i a t i o n s  w i l l  appear as a q u a d r a t i c  t i m e  f u n c t i o n  --  t h e  t i m e  d e v i a t i o n s  
w i l l  be p r o p o r t i o n a l  t o  t h e  square o f  t h e  r u n n i n g  t i m e .  There a r e  marly o t h e r  
sys temat i c  e f f e c t s  t h a t  a r e  v e r y  i m p o r t a n t  t o  cons ide r  i n  understanding a c l o c k ' s  
c h a r a c t e r i s t i c s  and F i g u r e  1 i s  a v e r y  s i m p l i s t i c  p i c t u r e  o r  nominal model o f  most 
p r e c i s i o n  o s c i l l a t o r s .  The random f l u c t u a t i o n s  o r  d e v i a t i o n s  i n  p r e c i s i o n  o s c i l -  
l a t o r s  can o f t e n  be c h a r a c t e r i z e d  by  power law spec t ra .  I n  o t h e r  words, i f  t h e  
t i m e  r e s i d u a l s  a r e  examined, a f t e r  removing t h e  systemat ic  e f f e c t s ,  one o r  more of  
t h e  power l aw  s p e c t r a  shown i n  F i g u r e  2 a re  t y p i c a l l y  observed. The meaning of 
power l aw  s p e c t r a  i s  t h a t  i f  a F o u r i e r  a n a l y s i s  o r  s p e c t r a l  d e n s i t y  a n a l y s i s  i s  
per formed on t h e  r e s i d u a l s ,  t h e  i n t e n s i t y  a t  v a r i o u s  F o u r i e r  f requenc ies ,  f i s  
p r o p o r t i o n a l  t o  fp; p des ignates t h e  p a r t i c u l a r  power law process (p = 0,-1,-2,-3,-4 
and w = 2 n f ) .  The f i r s t  process shown i n  F i g u r e  2 i s  c a l l e d  w h i t e  no i se  phase 
modu la t i on  (PM). T h i s  n o i s e  i s  t y p i c a l l y  observed i n  t h e  s h o r t  term f l u c t u a t i o n s ,  
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' f o r  example, of an a c t i v e  hydrogen maser f o r  sample t imes  o f  f rom one second t o  
about 100 seconds. T h i s  n o i s e  i s  a l s o  observed i n  q u a r t z  c r y s t a l  o s c i l l a t o r s  f o r  
saTple t imes i n  t h e  v i c i n i t y  o f  a m i l l i s e c o n d  and s h o r t e r .  The f l i c k e r  no i se  PM, 
f T h i s  k i n d  o f  no i se  i s  o f t e n  found f o r  32mple 
t imes o f  one m i l l i s e c o n d  t o  one second i n  q u a r t z  c r y s t a l  o s c i l l a t o r s .  The f o r  
random wa lk  PM i n d i c a t e d  by  t h e  t h i r d  l ine  i s  what i s  observed f o r  t h e  t i m e  dev ia-  
t i o n s  o f  rub id ium, cesium, o r  hydrogen frequency s tandards.  I f  t h e  f i r s t  d i f f e r -  
ence i s  t aken  o f  a s e r i e s  of  d i s c r e t e  t i m e  read ings  f r o m  t h e  t h i r d  l i n g ,  t hen  t h e  
result i s  p r o p o r t i o n a l  t o  t h e  f requency d e v i a t i o n s ,  which w i l l  be an f process o r  
a w h i t e  n o i s e  freq1:ency modu la t i on  (FM) process. I n  o t h e r  words t h e  t i m e  and t h e  
f requency a r e  r e l a t e d  th rough  a d e r i v a t i v e  o r  an i n t e g r a l  depending upon which way 
one goes. The d e r i v a t i v e  o f  t h e  t i m e  d e v i a t i o n s  y i e l d s  t h e  f requency d e v i a t i o n s ,  
and t h e  i n t e g r a l  o f  t h e  f requency d e v i a t i o n s  y i e l d s  t h e  t i m e  d e v i a t i o n s .  So, 
random wa lk  t i m e  d e v i a t i o n s  r e s u l t  f rom w h j t e  no i se  FM. I n  genera l ,  t h e  s p e c t r a l  
d e n s i t y  o f  t h e  f requency f l u c t u a t i o n s  i s  w t imes -ye s p e c t r a l  d e n s i t y  o f  t h e  t i m e  
f l u c t u a t i o n s .  The f o u r t h  l i n e  i n  F i g u r e  2 i s  an f process.  I f  th_i,s were rep re -  
s e n t a t i v e  o f  t h e  t i m e  f l u c t u a t i o n s  then  t h e  frequency would be an f o r  a f l i c k e r  
n o i s e  FM process. T h i s  process i s  t y p i c a l  o f  t h e  o u t p u t  o f  a q u a r t z  c r y s t a l  
o s c i l l a t o r  f o r  sample t imes l o n g e r  than  one second o r  t h e  o u t p u t  o f  r u b i d i u m  o r  
cesium standards i n  t h e  l o n g  term (on t h e  o r d e r  of a few hours,  f e w  days, o r  few 
weeks depending !@on which s tandard ) .  We f i n d  t h a t  i n  v e r y  l o n g  term, most atomic 
c l o c k s  have an f - 2 t y p e  behav io r  f o r  t h e  t i m e  f l u c t u a t i o n s  -- making t h e  frequency 
f l u c t u a t i o n s  an f These f i v e  power law processes a re  
v e r y  t y p i c a l  and one o r  more o f  them a r e  a p p r o p r i a t e  models f o r  e s s e n t i a l l y  every 
p r e c i s i o n  o s c i l l a t o r .  C h a r a c t e r i z i n g  t h e  k i n d  o f  power-law process thus  becomes 
an i m p o r t a n t  p a r t  o f  c h a r a c t e r i z i n g  t h e  performance o f  a c l o c k  (1). Once a c l o c k  
has been c h a r a c t e r i z e d  i n  terms o f  i t s  sys temat i c  and i t s  random c h a r a c t e r i s t i c s  
t h e n  a t i m e  d e v i a t i o n  model can be developed. 
i s  commonly used i s  g i v e n  by  t h e  f o l l o w i n g  equa t ion  (2):  

, i s  t h e  second l i n e  i n  F i g u r e  2. 

process o r  random wa lk  FM. 

A ve ry  s imple and u s e f u l  model t h a t  

(1) 
2 x ( t >  = x + y o - t  + 4D.t + E ( t )  

0 

where x ( t )  i s  t h e  t i m e  d e v i a t i o n  o f  t h e  c l o c k  a t  t i m e  t, x i s  t h e  s y n c h r o n i z a t i o n  
e r r o r  a t  t = 0, and y 
l i n e a r  ramp i n  t h e  t i % e  d e v i a t i o n s .  
a lmost  always an a p p l i c a b l e  model element i n  commercial standards.  T h i s  % D t  term 
i n  t h e  t i m e  d e v i a t i o n  due t o  t h e  f requency d r i f t  y i e l d s  a q u a d r a t i c  t ime  d e v i a t i o n .  
L a s t l y ,  t h e  c ( t )  t e rm c o n t a i n s  a l l  o f  t h e  random f l u c t u a t i o n s .  I t  i s  t h i s  term 
which i s  t y p i c a l l y  c h a r a c t e r i z e d  by one o r  more o f  t h e  v a r i o u s  power law processes. 
Once a c l o c k  has been f u l l y  c h a r a c t e r i z e d ,  t hen  i t  i s  p o s s i b l e  t o  do optimum t i m e  
p r e d i c t i o n .  The even power law s p e c t r a  have 
s imp le  a l g o r i t h m s  f o r  p r e d i c t i o n .  I n  t h e  case o f  w h i t e  no i se  PM, t h e  optimum 
p r e d i c t o r  i s  t h e  s imp le  mean. I n  t h e  case ?$ random wa lk  PM, i t  i s  t h e  l a s t  
va lue .  I n  t h e  case o f  random w a l k  FM, an f process on t h e  t ime ,  t h e  optimum 
p r e d i c t o r  i s  t h e  l a s t  s lope.  I n  t h e  case o f  f l i c k e r  no ise,  t h e  p r e d i c t i o n  a l g o r -  
i t hms  a r e  s i g n i f i c a n t l y  more comp l i ca ted  b u t  n o t  i n t r a c t a b l e ,  and A R I M A  techniques 
can be employed i n  o r d e r  t o  develop optimum p r e d i c t i o n  a l g o r i t h m s  (3). 

i s  t h e  s y n t o n i z a t i o n  e r r o r  a t  t 9 0 ,  which produces a 
D i s  t h e  f requency d r i f t  t e r m ,  w h i c 5  i s  

Shown i n  F i g u r e  3 a r e  some examples. 
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I 
I The Concept of an Allan Variance 

Figure 4 i l l u s t r a t e s  a simulated random walk PM process. Suppose t h i s  process i s  
the time difference between two clocks or  the time of a clock w i t h  respect t o  a 
per fec t  clock. 
cesium, and passive hydrogen clocks. Choose a sample time t ,  as indicated,  and 
note t h e  three time deviation readings (x x and x ) indicated by the c i r c l e s  
and spaced by the interval  t. The frequeftiy 6iviatioA y1 i s  proportional t o  the  
slope between x1 and x2 (y, = ( x  - x )/t). Similarly y i s  proportional t o  the  i 
slope between x2 and x3 (y = (z3 - The differ$nce i n  slope,  Ay, i s  a 
measure of the frequency k a n g e  from ?he f i r s t  t sample interval t o  the next 11 

/ I  adjacent t sample in te rva l .  With a fixed value o f  t ,  imagine averaging t h r o u g h  
the e n t i r e  data s e t  f o r  a l l  possible readings of x and x3 displaced by t 
each yielding a Ay. The average squared value of & d c i d e d  by 2 i s  cal led the 
"Allan variance". In theory, i t  i s  the average over a l l  time. In pract ice ,  
f i n i t e  data s e t s  y i e l d  rapidly converging estimates. The square r o o t  of the Allan 
variance i s  denoted CT ( t ) ;  CT ( I )  i s  an e f f i c i e n t  estimator of the power law spectra  
model for the data.  xow u (?) changes w i t h  t indicates the exponent for  the power 
law process. I n  f a c t ,  in'the case of random walk FM, u ( t )  i s  s t a t i s t i c a l l y  the 
most e f f i c i e n t  estimator of t h i s  power law process. I+' power law processes a r e  
good models f o r  a clocks random f luc tua t ions ,  which they typical ly  a r e ,  then the 
Allan variance analysis  i s  f a s t e r  and more accurate in estimating the process than 
the Fast Fourier Transform. Some v i r tues  o f  the Allan variance are: I t  i s  theor- 
e t i c a l l y  and straightforwardly re la tab le  t o  the power law spectral  type (8  = - p - 3 ,  
-2<p < 2 ,  where p i s  the exponent on t ) .  Once a data s e t  i s  stored in a computer 
i t  i s  simple t o  compute u ( t )  as a function of t .  The difference i n  frequency, 
Ay, i s  often closely relayed t o  the actual physical process of i n t e r e s t ,  e.g. 
frequency change a f t e r  a radar return delayed by t ,  e f fec ts  of o s c i l l a t o r  insta-  
b i l i t i e s  in a servo with loop  time constant t, the change in frequency a f t e r  a 
ca l ibra t ion  over an interval  t ,  e t c .  Some drawbacks of the Allan variance are: 
i t  i s  t ransparent  t o  periodic deviations where t,Qe period i s  equal t o  the sample 
time t .  I t  i s  ambiguous a t  p=-2, i . e .  CT (1) - 'I: may be e i t h e r  white noise PM o r  
Flicker noise PM. Remembering from above the relat ionship between the spectral  
density of t e frequency devJations and the spectral  density of the time deviations,  
i f  Sx(f)  - $ and S ( f )  - f , then a = p + 2 and a = - p - 1  ( -2<p<2),  where S ( f )  i s  
the spectral  densit& of the time deviations and S ( f )  i s  the spectral  dens'ky of 
the f ract ional  frequency deviations. Figure 5 sho& the noise type and the rela-  
t i o n s h i p  between p and a .  There a re  some ways around the ambiguity problem a t  
p=-2 .  For noise processes where a > l  there  i s  a bandwidth dependence (4).  A 
software t r i c k  can be employed t o  e f fec t ive ly  vary the bandwidth rather  than doing 
i t  with the hardware. Rather than calculat ing o (t)  from individual phase p o i n t s  
the  phase can be averaged over an interval t. HeXce the xl, x , and x from Figure 
4 become phase o r  time difference averages. As t increases t8e e f f e d i v e  measure- 
ment system bandwi d t h  decreases. T h i  s technique removes the ambi g u i  t y  problem. 
We have ca l led  t h i s  the modified Allan variance o r  modified CI ( t )  analysis tech- 
nique. For 
white noise PM, p i s  equal t o  - 3 ,  and f o r  f l i c k e r  noise PM, p i s  equal t o  -2.  

Time Prediction Error of a Clock 
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Figure 6 shows the p ,  01 mapping f o r  the modified Alyan variance. 

i )  
! b  

Another concept w h i c h  has become useful i s  the computation of the time error of 
f 
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p r e d  
t h e  
ab1 e 

c t i o n .  I n  the case o f  w h i t e  n o i s e  FM and random wa lk  no i se  FM, 1 (5 (1) i s  
ptimum t i m e  e r r o r  o f  p r e d i c t i o n .  
i s  t CJ ( t ) / , /3 ,  and f o r  f l i c k e r  n o i s e  FM i t  i s  t CJ ( t ) / l n  2. 

For  w h i t e  no i se  PM t h e  optimum v a l u y a c h i e v -  

Y Y 

App ly ing  some o f  t h e  above concepts t o  s t a t e  o f  t h e  a r t  f requency standards y i e l d s  
t h e  f requency s t a b i l i t y  p l o t  shown i n  F i g u r e  7 ( S ) ,  and t h e  corresponding RMS t i m e  
p r e d i c t i o n  e r r o r  p l o t  shown i n  F i g u r e  8. The RMS t i m e  p r e d i c t i o n  e r r o r  p l o t  i s  
based on reference (2)  and i s  a f u n c t i o n  o f  t h e  l e v e l s  o f  no i se  i n  t h e  c l o c k  and 
a l s o  t h e  u n c e r t a i n t i e s  assoc ia ted  w i t h  de te rm in ing  t h e  sys temat i c  d e v i a t i o n s  due 
t o  a f i n i t e  da ta  l e n g t h .  

Environmental  E f f o r t s  on Clocks 

From a management p o i n t  o f  v iew, t h e  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  c l o c k s  should 
be r e l a t e d  t o  t h e  needs o f  a p a r t i c u l a r  program. It i s  i m p o r t a n t  t o  keep i n  mind 
t h a t ,  i n  p r a c t i c e ,  systemat ic  and env i ronmenta l  e f f e c t s  o f t e n  a re  t h e  predominant 
i n f l u e n c e  on t h e  t i m e  and frequency d e v i a t i o n s  o f  a c l o c k .  The r e l i a b i l i t y  o f  a 
c l o c k  i s  o f t e n  a b a s i c  i ssue ,  and t h e  manager shou ld  assure h i m s e l f  t h a t  adequate 
r e l i a b i l i t y  has been documented. The manager a l s o  needs t o  ask t h e  f o l l o w i n g  
ques t i ons  i n  each a p p l i c a t i o n  t h a t  he may have. What a re  t h e  environmental  condi -  
t i o n s ;  e .g . ,  t h e  temperature,  t h e  temperature g r a d i e n t s ,  t h e  temperature f l u c t u a -  
t i o n s ,  t h e  r a p i d i t y  o f  t h e  temperature changes, t h e  magnet ic f i e l d  c o n d i t i o n s ,  t h e  
shock and v i b r a t i o n  c o n d i t i o n s ,  and t h e  h u m i d i t y  c o n d i t i o n s ?  How do these condi -  
t i o n s  a f f e c t  t h e  c l o c k ' s  performance? A l l  c l o c k s  a re  a f f e c t e d  a t  some l e v e l  by  
changes i n  t h e  above environmental  parameters p l u s  some o t h e r s  as w e l l .  Some 
c l o c k s  a r e  a f f e c t e d  by ba romet r i c  pressure.  V i b r a t i o n  can be ext remely impor tan t .  
I n  some c l o c k s  t h e  servos w i l l  un lock ,  f o r  example, if a 1 kHz v i b r a t i o n  i s  p r e -  
sent .  (6). Some c l o c k s  a re  a c c o u s t i c a l l y  s e n s i t i v e .  What i s  t h e  g r a v i t a t i o n a l  o r  
g s e n s i t i v i t y ?  What a re  t h e  c o s t ,  s i z e ,  w e i g h t  and power requi rements? L i n e  
v o l t a g e  power f l u c t u a t i o n s  can a f f e c t  c l o c k s .  Changes i n  t h e  dc power can a f f e c t  
some c l o c k s .  We have found t h a t  a good c l o c k  environment can improve c l o c k  p e r f o r -  
mance cons ide rab ly ,  and we have p r o v i d e d  a h i g h l y  c o n t r o l l e d  environment f o r  t h e  
NBS c l o c k  ensemble t o  improve t h e  performance over  t h a t  o b t a i n e d  i n  t y p i c a l  l a b o r -  
a t o r y  environments.  Another v e r y  i m p o r t a n t  q u e s t i o n  t o  ask i s  what i s  a c l o c k ' s  
l i f e t i m e ?  Redundancy and/or m u l t i p l e  c l o c k s  a r e  sometimes necessary t o  overcome 
l i f e t i m e  arid r e l i a b i l i t y  problems. I t  i s  i m p o r t a n t  t o  t a k e  a system's approach i n  
e s t a b l i s h i n g  t h e  b e s t  c l o c k ( s )  and c l o c k ( s )  c o n f i g u r a t i o n .  I n  some cases t h e  
program needs a re  f o r  s y n c h r o n i z a t i o n  t o  UTC, i n  o t h e r  cases t h e  needs are f o r  
s y n t o n i z a t i o n ,  i . e .  t h e  f requenc ies  w i t h i n  a system need t o  agree. O f t e n  t h e  need 
i s  f o r  t i m e  o r  f requency s e l f  cons i s tency  w i t h i n  a program, e.g. GPS r e q u i r e s  t i m e  
cons is tency .  I t  seems many people a r e  b u y i n g  cesium standards as a panacea, when 
i n  f a c t  t h e y  may n o t  be s o l v i n g  t h e  problem a t  hand. Buying a cesium standard 
does n o t  guarantee synch ron iza t i on .  However, i t  does guarantee s y n t o n i z a t i o n  
w i t h i n  some accuracy. A l l  c l o c k s  w i l l  d i v e r g e  and e v e n t u a l l y  depar t  f rom synchron- 
i z a t i o n  t o l e r a n c e .  Knowing a c l o c k ' s  c h a r a c t e r i s t i c s ,  
t h e  system r e q u i  rements, and t h e  env i  ronmental  c o n d i t i o n s  w i  11 a1 1 ow t h e  manager 
t o  know t h e  b e s t  c l o c k  o r  c l o c k s  t o  buy and t h e  b e s t  way t o  implement them. For  
example, a rub id ium c l o c k  coupled t o  a GPS r e c e i v e r  (used i n  t h e  common-view mode 
w i t h  UTC(USN0 MC) o r  w i t h  UTC(N6S)) would have b e t t e r  s h o r t  term and b e t t e r  l o n g  
term s t a b i l i t y  t han  any commercial cesium c l o c k  a v a i l a b l e .  
soniewhat worse i n  t h e  v i c i n i t y  o f  t equal t o  one day. 

I t ' s  j u s t  a m a t t e r  o f  t ime! 

The s t a b i l i t y  would be 
I n  p r a c t i c e ,  t h e r e  are some 

462 



problems w i t h  t h i s  i dea ,  b u t  i t  i l l u s t r a t e s  t h e  p o i n t .  

L a s t l y ,  F i g u r e s  9 th rough  13 show nominal va lues f o r  some impor tan t  c l o c k  coe f -  
f i c i e n t s  t h a t  managers and des ign  engineers need t o  p r o p e r l y  assess when e v a l u a t i n g  
which c l o c k  o r  c l o c k s  w i l l  b e s t  serve t h e i r  needs. These a re  o n l y  nomipal va lues 
and t h e r e  w i l l  be excep t ions .  A band o f  va lues i s  l i s t e d  f o r  these c o e f f i c i e n t s  
r a n g i n g  f rom nominal b e s t  performance a v a i l a b l e  f rom l a b o r a t o r y - t y p e  standards 
th rough  t h e  range o f  t y p i c a l  va lues observed and s p e c i f i e d  f o r  commerc ia l ly  a v a i l -  
ab1 e s tandards.  
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Figure 1 .  Frequency, y ( t ) ,  and time, x ( T > ,  deviat ions due t o  frequency - .  . 

to-frequency d r i f t  in a clock. 
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STATE-OF-THE-ART BEST PERFORMANCE 

ACTIVE H MASER 

-164 I 

0 1 2 3 4 5 6 7 
L O G  TAU ( 8 )  

Fiacrre 7 .  Frequency 
from each of four ma 
hydrogen (ac t ive  and 

s t a b i l i t y  of some of the best performing frequency standards 
n types: CS = cesium be m ,  RB = rubidium g c e l l ,  H = 
passive).  Note: log lo? = I ;  e .9 .  l o g  = -14. 

STATE-OF-THE-ART BEST PERFORMANCE 

I -6 T IJ- 

4 4  I 

I h ~ i  i v t  H MASER 
- 

-131 c 

0 1 2 3 4 5 6 7 
L O G  TAUp (6) 

Figure 8. 
s h o w n ' i n  Figure 7. Note: log I O F  = I ;  e.g. log 

RMS time predict ion er  or p lo t  f o r  the sa frequency standards as 
= -14. 
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0 '  L L A T O R  
H H < m > a s >  CS 

TEMPERATURE SENSIT IV ITY  / d-g K 

Figure 9. 
dards: 
H(pas) = passive hydrogen maser, and CS = cesium beam. 

Nominal values f o r  the temperature coe f f i c i en t  f o r  the frequency stan- 
Q U  = quartz c r y s t a l ,  RB = rub id ium gas c e l l  H = ac t ive  hydrogen maser, 

O S C I L L A T O R  

MAGNETIC F IELD S E N S I T I V I T Y  / G 

Figure 1 0 .  
standards: Q U  = quartz c rys ta l  
H(pas) = passive hydrogen maser, and CS = cesium beam. 

Nominal values f o r  the magnetic f i e l d  s e n s i t i v i t y  f o r  the frequency 
RB = rubidium gas c e l l ,  H = ac t ive  hydrogen maser, 
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-9 Q 1  F 
10 

la-'* 

1 BC'/ 

1 0-12 

1 0-13 

10" 

O S C l  L L A T O R  

iaal 
REPRODUCIBILITY 

F i g u r e  11. Nominal c a p a b i l i t y  o f  a f requency s tandard t o  reproduce t h e  same 
f requency a f t e r  a p e r i o d  o f  t i m e  f o r  t h e  standards:  
RB = r u b i d i u m  gas c e l l ,  H = a c t i v e  hydrogen maser, H(pas) = pass i ve  hydrogen 
maser, and CS = cesium beam. 

QU = q u a r t z  c r y s t a l ,  

OSCILLATOR 
10-9 QU RB H H(pas> CS 

10"O 

10-'/ 

ABSOLUTE ACCURACY 

F i g u r e  1 2 .  Nominal c a p a b i l i t y  f o r  a f requency s tandard t o  produce a f requency 
determined by t h e  fundamental cons tan ts  o f  n a t u r e  f o r  t h e  standards : QU = q u a r t z  
c r y s t a l ,  RB = rub id ium gas c e l l ,  H = a c t i v e  hydrogen maser, H(pas) = p a s s i v e  
hydrogen maser, and CS = cesium beam. 
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